HIGHLIGHTS

54 55
• Obesity decreased the predicted genetic capacity for many metabolic pathways in the 56 microbiota 57
• Exercise training increased the genetic capacity for metabolic pathways such as the TCA 58 cycle in the microbiota during obesity 59
• Exercise-induced changes of the predicted metagenome can be captured in the fecal 60 microbiota 61
• Exercise training altered the microbiota in a gut segment-dependent manner 62
• Diet had more profound effects than exercise on the microbiota 63 64 65 66 67 68
69
INTRODUCTION 70
The mammalian gut contains a large and diverse community of bacteria that have been 71 implicated in infectious and chronic diseases, which can manifest in the gastrointestinal tract and 72 systemically (9, 16, 31) . Colonization of gut is influenced by complex environmental factors that 73 include host genetics, age, diet, lifestyle, diseases and antibiotic use (12, 15, 53) . The reciprocal 74 relationship between the gut microbiota and host metabolism can influence disease risk. 75
Understanding these connections may yield avenues to manipulate resident microbes to mitigate 76 metabolic disease risk or severity including obesity and insulin resistance. 77
78
Two major factors contributing to the development of obesity and obesity-related insulin 79 resistance are diet and exercise. Genetic models of hyperphagia-induced obesity and an obesity-80 causing high fat diet (HFD) alter the gut microbiota (35, 58) . The microbes in this relationship 81
are not just a marker of obesity or metabolic disease because transmissible components of the 82 fecal microbial community in obese individuals can increase adiposity independently of host 83 genetics (50, 57) . In comparison to diet, little is known about how exercise may influence the 84 microbiota. However, some connections between the microbiota, exercise status and daily 85 activity levels are emerging. There are a limited number of studies associating exercise and gut 86 microbiota alterations in rodent models. Studies have found that exercise increases the 87
Bacteroidetes to Firmicutes ratio in the absence of obesity. For example, voluntary access to 88 exercise (i.e. wheel running) in rats on a standard diet increased Bacteroidetes and decreased 89
Firmicutes in the feces (49). In addition, voluntary exercise in juvenile chow-fed rats increased 90
Bacteroidetes and decreased Firmicutes in the feces (44). In HFD-fed mice, the extent of 91 voluntary exercise correlated with a change in Bacteroidetes to Firmicutes ratio (20) . The effect 92 of exercise on the gut microbiota depends on the mode of exercise performed such as volitional 93 wheel running compared to forced treadmill training (1). A targeted assessment found that low-94 intensity exercise can influence the cecal microbiome in obese, hyperglycemic mice (33). 95
However, a complicating factor of all of the above studies is that these types of exercise can 96 lower body mass and/or prevent weight gain during obesity, which may not allow microbial 97 changes to be ascribed to exercise versus obesity or adiposity. It is currently unknown whether 98 exercise training can overcome changes to the microbiota that occur during diet-induced obesity, 99 independently of body or fat mass. It is also important to discern that acute effects of an exercise 100 session versus repeated exercise training. 101 breeding pairs were randomly assigned to standard chow diet feeding (n = 7 mice) or at 6-7 162 weeks of age a subset of mice were fed the HFD (n = 9 mice) for 12 weeks. The purpose of these 163 additional groups was to provide context to the comparison between untrained and HIIT gut 164 microbes. 165
166
Microbiome Sampling: Feces were collected directly from the anus of mice into sterile tubes 167 which were immediately snap frozen in liquid nitrogen before the mice were placed on the 168 treadmill. Before repeated exercise training was initiated, the acute effects of a single exercise 169 session were assessed by collecting feces within one hour and one week after the initial graded 170 exercise capacity test. To test the chronic effects of repeated exercise training fecal samples were 171 collected 3 days after the last exercise training session following 6 weeks of exercise training 172 with gut segments collected the following week 1 day after the final exercise session. At the 173 completion of the 6 week exercise training protocol, the duodenum plus jejunum, ileum, cecum 174 and colon were snap frozen in liquid nitrogen and stored at -80 o C. Fecal pellets were removed 175 before processing any intestinal segment. 176
177
Bacterial profiling: Genomic DNA was extracted from fecal and gut segment samples. PCR 178 amplification of the variable 3 (V3) region of the 16S rRNA gene was done on each sample, 179 which included Illumina compatible adapter sequences and barcoding for multiplexing. DNA 180 products of this PCR amplification were sequenced using the MiSeq platform followed by 181 preliminary analysis by the McMaster Genome Center (McMaster University). A custom in-182 house pipeline was used to process the FASTQ files as described (17). Cutadapt was used to trim 183 sequences beyond the 16S rRNA V3 region and PANDAseq was used to align paired-end 184 sequences (39, 40) . AbundantOTU+ grouped reads into Operational Taxonomic Units (OTUs) 185 based on 97% similarity (41, 60). Taxonomy was assigned to OTUs Ribosomal Database Project 186 (RDP) classifier in Quantitative Insights Into Microbial Ecology (QIIME) (6) against the 2011 187 version of the Greengenes reference database (18). QIIME was used to calculate the diversity 188 within communities (alpha diversity) and between community diversity (beta-diversity), as 189 previously described (6, 17 in the distal gut and feces in HFD-fed mice compared to chow-fed mice (Fig. 1A) . This 209 comparison of chow fed mice (average body mass 32 + 0.5 g) to HFD-fed mice (average body 210 mass 50 + 0.7 g) was separate from all exercise-related experiments. Compared to chow-fed 211 mice, HFD-fed mice were insulin and glucose intolerant (data not shown). We found no evidence 212 that the type of diet changed the overall alpha diversity (data not shown), but we found lower 213 alpha diversity (i.e. Shannon index) within the phylum Bacteroidetes in both the colon and feces 214 of HFD-fed mice (Fig. 1B ). Additional differences in the colonic and fecal microbiome 215 taxonomy from chow-fed versus HFD-fed mice are shown in Supplemental Table S1 . 216
217
Exercise training during obesity improves insulin tolerance independently of adiposity: 218
Mice were on an obesity-causing HFD for 12 weeks with HIIT during the final 6 weeks ( Fig.  219 2A). HIIT was initiated after the establishment of obesity and this type of repeated exercise 220 training did not alter body mass in HFD-fed mice ( Fig. 2A ). As expected, HIIT increased the 221 time to exhaustion and running speed at the completion of a graded exercise test ( Fig. 2B-C) . 222
Exercise training also increased insulin tolerance, but did not alter fasting blood glucose and did 223 not alter epididymal adipose tissue mass in HFD-fed mice ( Fig. 2D-F) . We recently demonstrated 224 that this HIIT exercise protocol increased oxygen consumption (VO 2 ), carbon dioxide 225 consumption (VCO 2 ), respiratory exchange ratio (RER), food intake and water intake in HFD-226 fed mice (38). We also published that this HIIT exercise protocol does not alter body mass, 227 whole body adiposity, adipose mass, liver mass or heart mass (38). Importantly, we made every 228 effort to control for different environmental microbial exposures in the mice, including placing 229 all of the untrained mice on the exercise treadmill (which was turned off) for an equal duration 230 that corresponded with each exercise training session. 231
232
Exercise training during obesity alters the microbiota in a gut segment-dependent manner: 233
Exercise training of HFD-fed, obese mice increased the overall alpha diversity of the microbiota 234 in the colon (Fig. 3A) . Exercise training increased the alpha diversity within the phylum 235
Bacteroidetes in both the cecum and colon (Fig. 3B ). Exercise training increased the 236
Bacteroidetes to Firmicutes ratio in the cecum and a similar trend (P = 0.06) was seen in the 237 colon ( Fig. 3C ). No clear pattern of exercise training-related changes could be seen after PCoA 238 (Fig. 3D ). Exercise training did not significantly alter any other phylum-level microbiota 239 characteristics as depicted by relative quantity of each phylum in various gut segments (Fig. 3E) . 240
These data indicate that exercise training opposed the effects of the HFD, since a HFD 241 decreased, but exercise training increased the Bacteroidetes to Firmicutes ratio and diversity 242 within Bacteroidetes in the distal gut. 243
244
At the OTU level, exercise training during the final 6 weeks of the HFD had more profound 245 effects in the distal gut. Figure 4A depicts the average relative abundance of genera in various 246 gut segments of HFD-fed mice that that were exercise trained or untrained. Figure 4B -E depicts 247 all of the statistically significant genus-level changes associated with exercise that occurred in at 248 least one of the gut segments after correction for FDR. Based on the relative quantity of each 249 OTU that was detected, exercise training was associated with a significant difference in 1 OTU 250 in the duodenum plus jejunum (Actinobacteria (c)) and 1 OTU in the ileum (Lactobacillus) 251 compared to 3-5 significantly different OTUs in the cecum or colon (Fig. 4B-E) . Also at the 252 OTU level, exercise training increased Bacteroidales (o) (~1% of the relative abundance) in both 253 the cecum and colon ( Fig. 4D-E) . Overall, this data shows that repeated exercise training altered 254 the constituents of the microbiome more profoundly in the distal gut during HFD-induced 255 obesity and that HIIT consistently increased Bacteroidales (o) in both the cecum and colon of 256 obese mice. 257 258 Exercise training during obesity alters the fecal microbiota: 259
Feces are easier to obtain for biomarker assessments and use of feces allows comparison within 260 the same individual/mouse across time. Hence, we analyzed the feces of all HFD-fed mice before 261 exercise (i.e. PreTreadmill) compared to samples collected after 6 additional weeks from HFD-262 fed mice that were exercise trained and age-matched HFD-fed untrained mice. Analysis of the 263 fecal samples collected before mice were allocated to trained or untrained groups (i.e. direct 264 comparison within the PreTreadmill groups) showed that the exercise training-induced 265 differences in microbiota characteristics were not derived from an existing difference in these 266 microbiome measurements before mice initiated exercise training (data not shown). Within 267 subjects analysis at the phylum and genus levels ( Fig. 5A-B) revealed that 6 weeks of exercise 268 training significantly increased only 1 OTU in the feces. Bacteroidales (o) was higher in exercise 269 trained versus pre-treadmill fecal samples (Fig. 5C ). This is consistent with exercise training-270 induced effects in the cecum and colon. Exercise training increased the alpha diversity as 271 measured by a higher Shannon index in trained versus untrained fecal samples (Fig. 5D ), but it 272 did not change the Shannon index within Bacteroidetes (data not shown). Exercise training also 273 increased the Bacteroidetes to Firmicutes ratio compared to pre-treadmill fecal samples (Fig.  274 5E). Again, there was no discernable pattern based on PCoA of exercise trained, untrained and 275
PreTreadmill fecal samples (data not shown). These data indicate that exercise training increased 276 Bacteriodales (o) and diversity in the feces, which is reflective of exercise-induced changes in 277 distal gut of HFD-fed mice. 278
279
We next sought to determine if these changes in the taxonomy of the microbiota during repeated 280 exercise training were independent of an acute bout of exercise. In feces collected within 1 hour 281 and 1 week after a single acute bout of exercise, we found no phylum level changes (Fig. 6A-B) . 282
Only one genus (Lactococcus) was decreased 1 hour after acute exercise (Fig. 6C ) and this 283 change did not persist 1 week after acute exercise. Finally, there was no change in the overall 284 alpha diversity (i.e. Shannon index) or alpha diversity within Bacteroidetes or Bacteroidetes to 285
Firmicutes ratio of the feces at 1 hour or 1 week after a single exercise session compared to pre-286 treadmill values (Fig. 6D-F) . Overall, these results show that the changes observed in repeated 287 exercise training could not be explained by the effect of a single exercise session. 288
289
Exercise training during obesity alters the predicted function of the fecal microbiota: 290
We next sought to determine if exercise training was associated with predicted changes in the 291 genetic capacity for microbial functions in the feces. Phylogenetic Investigation of Communities 292 by Reconstruction of Unobserved States (PICRUSt) analysis showed a significant increase in the 293 microbial genetic material that is KEGG-annotated to metabolism after exercise training (Fig.  294   7A ). This directly opposes a decrease in the genetic capacity related to metabolism during a HFD 295 compared to chow diet (Fig. 7B) . A HFD also increased the predicted genetic capacity related to 296
Environmental IP (Fig 7B) . Further analysis revealed that exercise training only altered predicted 297 pathways within the KEGG pathways assigned to metabolism. Exercise training increased the 298 fecal microbial genes predicted to be involved in glycan biosynthesis and metabolism, carbon 299 fixation and the TCA/citrate cycle (Fig. 7C) . Again, this directly opposes a subset of the changes 300 during a HFD where all of these KEGG-assigned metabolic pathways were decreased compared 301 to chow fed mice (Fig. 7D) . A single, acute exercise session did not alter these or any predicted 302 metagenomic characteristics (data not shown). 303
304
The effects of HFD (compared to chow diet) included over 30 changes within the metabolism 305 annotation (Supplemental Table S1 ). Therefore, the effects of diet on the microbiota were more 306 extensive compared to exercise. Nevertheless, our results show that exercise and an obesity-307 causing diet shift the predicted metagenomic characteristics of the fecal microbiota in opposite 308 directions. Further, our results show that exercise during diet-induced obesity directly opposes 309 some of the obesity-related functional characteristics of the microbiota despite no change in body 310 mass. 311
312
DISCUSSION 313
Diet and exercise are two factors involved in obesity. Obesity is associated with altered gut 314 microbiota. We show that HIIT can oppose some of the microbiota changes characteristic of diet-315 induced obesity even though there is no change in body mass or adipose tissue mass during this 316 type of exercise training. These exercise-related changes in the microbiota include expansion of 317 the predicted genetic capacity related to various pathways in metabolism. 318 319 Diet-induced changes in the microbiota have emerged as a contributor to host metabolism 320 relevant to obesity-related disease. Gut-derived microbial factors can influence metabolic disease 321 characteristics (4, 10). Multiple diet-related factors influence obesity, including caloric intake 322 and macronutrient composition. Diets high in fat promote obesity and alter the taxonomic and 323 metagenomic characteristics of the gut microbiome (58). The characteristic changes in the gut 324 microbiota during an obesity-causing HFD include a lower relative level of Bacteroidetes and a 325 relative expansion of Firmicutes (35, 59) . A high fat/sugar diet is the dominant factor influencing 326 the gut microbiota when compared to host genetics (7). Further, the fecal microbiota from lean 327 and obese twins can influence fat mass when transferred to germ free mice (50). Therefore, diet 328 and/or obesity appear to be a powerful factor influencing the metabolic effects of the microbiota. 329
Our results confirm that diet (i.e. HFD versus chow diet) is a dominant factor in shaping the 330 microbiota, including its predicted functional genetic characteristics. Diet interacts with many 331 host and environmental factors that can potentially influence the microbiota and obesity. We 332 sought to determine if exercise was a factor that could influence or overcome dietary shifts in the 333 microbiota. Exercise can counterbalance many host metabolic processes during obesity, but little 334 is known about how exercise influences the microbiota during diet-induced obesity. 335
336
We found that exercise training (i.e. HIIT) during obesity promoted changes in the distal gut and 337 fecal microbiota that were opposite to those characteristic of obesity and/or a HFD. For example, 338 exercise training increased the Bacteroidetes to Firmicutes ratio and also increased the alpha 339 diversity (within the Bacteroidetes phylum) of the microbiota. HIIT could overcome the 340 influence of a HFD in the distal gut and feces, since exercise training opposed some of the 341 taxonomic and predicted metagenomic changes caused by diet-induced obesity. Altered host 342
obesity/adiposity appears not to be a major driver of these exercise-induced changes in the 343 microbiota, since the type of exercise used in our study did not alter body mass or adipose tissue 344 mass during the HFD. Adaptations to repeated exercise sessions appear to be required for 345 diversity, taxonomic and predicted metagenomic microbiota characteristics, since acute exercise 346 did not alter these indices. A limitation of our study is the inability to segregate improved insulin 347 tolerance caused by repeated exercise as a factor that could contribute to alterations in the 348 microbiota. These connections could also engage adipokines and myokines and changes in bile acid 367 metabolism and could involve increased food/water intake coincident with exercise training. 368
Intriguingly, different dietary lipids can promote dysbiosis during aging and infectious colitis 369 (23, 24) . Therefore, a key future goal is to expand the model of a HFD and assess if specific 370 dietary lipids interact with the effects of exercise on microbiota and host responses. It is also 371 important to extend this work to humans. Professional rugby players have increased diversity of 372 the fecal microbiota (12). However, it appears very difficult to separate exercise and dietary 373 influences on the human microbiome (48). 374
375
The evidence is mounting that exercise is a perturbation that can influence the microbiota. Our 376 most consistent finding regarding taxonomy was an exercise training-related increase the levels 377 of Bacteriodales (o) in distal gut (cecum, colon) and feces. In HFD-fed mice, we also found an 378 increase in Dorea in the cecum and colon, which is consistent with other groups that employed 379 forced treadmill running and found increased Dorea in the cecum and feces in chow-fed mice 380
(1). Another previous study found that exercise and diet each altered the microbiota 381 independently by investigating the interaction of exercise and non-exercised mice that were 382 chow fed versus HFD-fed (32). This type of exercise caused decreased body mass in HFD-mice, 383 which is different from the HIIT protocol in the current study. In fact, the mode of exercise could 384 be very important in dictating changes in microbiome characteristics. As expertly reviewed, 385 rodent models using different types of exercise have shown different gut microbiome 386 characteristics (13). This may be related to differential immune responses in the gut. For 387 example, macrophage number is higher in the colon of mice after forced treadmill exercise, an 388 effect that does not occur with voluntary wheel running (13). This is an intriguing gut immune 389 response that may relate to the exercise-related expansion of lactobacilli in the distal colon 390 during voluntary running, but not forced treadmill running (13). These gut immune and microbe 391 changes correspond to functional outcomes such as increased inflammatory score and mortality 392 due to forced treadmill running if there is an additional stress such as a model of colitis in mice 393 (14) . It remains to be determined what aspects of metabolic disease, such as obesity, 394 hyperglycemia or even specific dietary components interact with different modes of exercise to 395 influence the microbiome. This seems worthwhile, since it has already been shown that 6 weeks 396 of exercise increased Bifidobacterium in the cecum of control mice, but not in hyperglycemic 397 leptin receptor deficient (db/db) littermate mice (33) . 398 399 The effects of exercise training on the microbiota during a HFD diet in our study were relatively 400 small when compared to changes in diet or other stimuli that can cause dysbiosis such as 401
antibiotics. This is not that surprising and we chose to characterize exercise because of the 402 overwhelming evidence of the host metabolic changes (and health benefits) induced by exercise. 403
This descriptive information may set the stage for understanding how to assess if microbes play a 404 role in the metabolic health benefits of exercise during obesity. Further, the altered microbial 405 signatures may be able to be used as a biomarker of exercise status or responsiveness. Our data 406 supports investigation of exercise-induced metagenomic characteristics in the feces. 407
408
Exercise is well known to increase oxidative capacity, mitochondria and proteins involved in the 409 TCA cycle (28, 29, 47) . Our results show that exercise training increased the predicted 410 metagenomic capacity for metabolism and the TCA cycle in the fecal microbiota. Our data only 411 provide a prediction of the genetic capacity of the microbial community for these KEGG 412 pathways. Caution is warranted in assuming that these genetic indices influence the same host 413 pathways by producing chemical messengers or altering the metabolism of substrates. It is not 414 yet clear which of the many host effects of exercise relate to microbiota changes. Nevertheless, it 415 is enticing to speculate about the exercise-induced functional changes in the microbiota, which 416 only occurred in the metabolism annotation. The observed changes in poorly classified glycan 417 biosynthesis could be linked to the regulation of mucin O-glycan or biosynthesis of 418 lipopolysaccharide or peptidoglycan. All of these pathways have been implicated in aspects of 419 host metabolic disease (4, 10, 17, 21, 51, 56) . The observed changes in carbon fixation and the 420 TCA cycle pathways could be related to Acetyl-CoA and short chain fatty acid regulation, which 421 have been implicated as microbial ligands/metabolites that influence host metabolism (5). For 422 example exercise has been shown to increase cecal butyrate levels in rats (42) . 423 424 A HFD had a more profound effect on the predicted metagenomic characteristics of the fecal 425 microbiota, which corresponds with diet dominating other factors (7). Intriguingly, all of the 426 exercise-induced changes in predicted microbial function occurred in the opposite direction 427 compared to those associated with a HFD. Our data suggests that exercise counterbalances a 428 subset of the changes in microbial function caused by obesity or obesity-causing diets. It is not 429 clear how repeated exercise training elicits a change in the microbiota of the distal gut, but 430 intestinal motility should be considered. Further, exercise reduces blood flow to the colon to a 431 much greater degree compared to other parts of the intestine. This reduced blood flow might 432 equate to a hypoxic state in the resident microbiota, which could dictate expansion of microbes 433 with a greater metabolic or suitable respiratory capacity. It is probable that the exercise-induced 434 changes include bacteria where the respiratory chain proteins do not necessarily require oxygen 435 as the terminal electron acceptor. Nevertheless, future studies testing different exercise regimes 436 (low and high-intensity training), altered intestinal blood flow and hypoxia will be important to 437 delineate whether these environmental cues alter the gut microbiome. 438
439
In summary, our results show that repeated exercise training can overcome a distinct subset of 440 the changes in the distal gut and fecal microbiota caused by HFD-induced obesity, independently 441 of changes in body mass or fat mass. In the fecal microbiota, an obesity-causing diet decreased, 442 whereas repeated exercise training increased, several predicted metagenomic traits involved in 443 metabolism, including the TCA/citric acid cycle. Exercise training is well known to regulate 444 these host metabolic pathways and it is enticing to speculate that the physiological response to 445 exercise also includes changes in analogous microbial pathways. 446 
